When spine-pelvic motion is normally coordinated, the pelvis may tilt posteriorly and acetabular anteversion may increase as the patient' s position changes from standing to sitting; this scenario allows for improved clearance of the femoral head and neck during hip flexion. However, changes in the mobility of the spine and pelvis may result in impingement after total hip arthroplasty (THA), with the most obvious complication being dislocation. Understanding the spinal-pelvic relationship in the sagittal plane is essential for planning THA in patients with spinal fusion or a known spine disease. Careful attention should be payed to the cup position when performing THA on patients with an increased risk of dynamic impingement.
INTRODUCTION
Hip instability is one of the most common causes of revision following total hip arthroplasty (THA). The dislocation rates range between 1.7% and 4.8% and redislocation rate after a first occurrence can be as high as 33% 1,2) . The risk factors for dislocation can be divided into patient-related and surgery-related factors. The study by Gausden et al. 3) reviewed patients who had developed dislocation following THA and noted a history of spinal fusion surgery to be the strongest risk factor along with Parkinson's disease, depression, dementia, a history of chronic lung disease, inflammatory hip arthritis and diagnosis of avascular necrosis. In a comparative study between a group with THA after lumbar fusion and a group without, patients with a history of lumbar spinal fusion were at increased risk of dislocation 4) . Sultan et al. 5) reported that dislocation rates ranged between 3% at 1 year and 7.5% at 2 years, exceeding the average rate, among THA patients with previous lumbar spinal fusion. Based on these findings, it can be presumed that the spino-pelvic relationship may influence the stability of THA. However, the exact mechanisms underlying this effect have not yet been fully clarified. Lewinnek et al. 6) defined the safe zone for positioning of the acetabular component in THA to be inclination of 40� ±10�and anteversion of 15� ±10� . However, according to the study by Murphy et al. 7) which reviewed the cup position in patients who had developed recurrent dislocation, 32% of patients had the cup in the safe zone as described by Lewinnek et al. 6) . Patients who experienced unstable THA revealed that dislocation episodes commonly occur during postural changes in activities of daily living (e.g., standing up and sitting down in a chair, picking an object up off the floor). Therefore, the effect of spinopelvic interactions, which occurs during postural change, should be taken into consideration when discussing stability of the THA.
SAGITTAL BALANCE AND MEASUREMENT
Spino-pelvic alignment plays a critical role in maintaining a mechanically efficient posture. Alignment of the trunk and the pelvis relative to the hip joint is essential in achieving sagittal balance 8) . Since sagittal imbalance is affected by spine-related factors (e.g., a decrease in lumbar lordosis, an increase in thoracic kyphosis, pelvic parameters and joint contractures of the hip/knees), assessing spinal-pelvic parameters is essential to properly analyzing sagittal balance which has been shown to have a close correlation 9) . Pelvic parameter consists of pelvic incidence (PI), pelvic tilt (PT) and sacral slope (SS), and spinal parameters include angles of lordosis and kyphosis. Lateral radiography of the spine and pelvis in the standing position is needed to measure spinal and pelvic parameters; radiographs can be obtained using a 36-inch long cassette. Recently, the EOS Imaging System (Biospace, Paris, France) using three-dimensional imaging technology has been introduced to measure the parameters more efficiently.
Pelvic Incidence
PI is the angle formed between a line perpendicular to the upper end plate of S1 at its midpoint and a line connecting this point to the femoral head axis (Fig. 1) , and a morphological parameter that varies among individuals 8) . PI increases until 18 years of age and remains constant thereafter as the PT and the lumbar lordosis tend to increase with age to maintain sagittal curves during growth 10, 11) . PI is accepted as an anatomical parameter because it equals the sum of the SS and the pelvic slope and remains constant regardless of pelvis position. When the SS increases, the PT decreases and vice versa. Additionally, PI represents a constant guide value which is unaffected by degenerative changes to the lumbar 12) . Normal values range from 35�to 85� , with a mean value of 50� ±10� 13) . According to previous studies, PI correlates with SS and lumbar lordosis 13) . High PI is associated with increased lumbar lordosis and elevated SS angles. Inversely, low PI reflects less lumbar lordosis and more limited adaptability of the SS 14, 15) . PI as an anatomical parameter of the pelvis determines the adaptability of spinopelvic balance in the sagittal plane, and low PI suggests a reduced capacity to adapt to sagittal imbalance 15) . 
A B 2. Pelvic Tilt
PT is the angle between the vertical line and the line joining the middle of the S1 endplate and the center of the femoral heads, and the normal pelvic tilt angle is 13� ± 6� . Unlike pelvic incidence, the value of PT changes with varied pelvic positions 16) . A greater PT angle is reflective of a more widely retroverted pelvis and inversely, a smaller PT indicates more anteverted pelvis 10) .
Sacral Slope
SS is the angel between the upper plate of S1 and a horizontal line and the normal SS is 42� ±8.5� . Since SS is associated with lumbar lordosis, SS angles increase with elevated lumbar lordosis. An excessively elevated SS angle causes shear forces on the lumbosacral region and may lead to lumbosacral instability and anterior dislocation 17) .
Spinal Parameters
Lumbar lordosis is the angle between the lines drawn from the upper endplate of S1 and the superior endplate of L1, and the normal ranges of LL angles are 41� ±11� in males and 46� ±11�in females. The lower lumbar spine and lumbosacral segmental angle accounts for 2/3 of the lumbar lordosis that is affected by pelvic position and angle. Thoracic kyphosis is the angle formed between the upper endplate of T4 and the lower endplate of T12, and the normal thoracic kyphosis angle is 40� ± 10� 18) .
SAGITTAL IMBALANCE AND COMPENSATORY MECHANISMS
A decrease in lumbar lordosis, an increase in thoracic kyphosis, pelvic parameters and contractures of the hip/knee joints are potentially involved in sagittal imbalance. Compensatory mechanisms occur in three patterns through spine, pelvis and lower limb areas 15, 19) . First is the loss of lumbar lordosis caused by neurological muscle disorders in low lumbar spine, insufficient lordosis fusion and Parkinson's disease which may lead to muscle atrophy. As a compensatory mechanism for loss of lumbar lordosis, pelvic posterior rotation, hip extension, knee flexion and ankle flexion may occur. The second pattern is the anterior rotation of the pelvis and increase of SS as a compensatory for tight hip which is typical in progressive hip osteoarthritis. The third pattern is the posterior rotation of the pelvis and hip/knee flexion to compensate for excessive thoracic kyphosis when compensatory lumbar lordosis is not sufficient (Fig. 2) .
NORMAL SPINE-PELVIC MOTION
As the pelvis is connected to the spine by the lumbosacral joint, the movement of the spine and the pelvis are closely related. A normal standing posture involves anterior tilt of the pelvis, lumbar lordosis and hip extension. In this position, sagittal balance is created as the trunk is located on the pelvis and the acetabulum is located above the femoral head. When changing the stance from upright standing to sitting, the hip joint does not flex to 90� . Instead, the pelvis tilts posteriorly by 20� , hip flexes about 55�to 70�and lumbar lordosis decreases 20, 21) . Because the acetabulum is part of the pelvis, it will also tilt posteriorly with the pelvis during sitting, leading to an increase in anteversion and inclination (Fig. 3) . This change occurs to accommodate hip flexion and internal rotation and provides biologic acetabular opening 22) . Each degree of posterior PT leads to increase in acetabular anteversion by 0.7� 23) . The degree of functional acetabular anteversion in the seated position can be calculated based on pelvic movement. Based on computed tomography scans, Lazennec et al. 24) reported that changing the posture from standing to sitting resulted in 20�of posterior PT and 15.6�increased acetabular anteversion. The term "ante-inclination" may be more suitable to describe the position of the acetabulum because acetabular anteversion in the sagittal plane on lateral spino-pelvic radiographs is affected by changes in both anteversion and inclination 25) . The ante-inclination ranges between 41�and 63�in a normal standing position. Since PT and lumbar lordosis increase by less than 3�to 5�in a supine position, the focus of spinopelvis motion should be on changes caused by the movement from standing to sitting 22) .
ABNORMAL SPINE-PELVIS MOTION
Since spino-pelvis movement works in collaboration, a disorder in one part of the body can affect another part or parts. If one part develops limits in motion, an increase of mobility is inevitable in other regions to accommodate. An example would be an increase of motion in the upper segments after spinal fusion as a result of increased mechanical stress. The limited spinal mobility will also influence the hip, leading to increased hip flexion in the sitting position and more hip extension in the upright standing position leading to potential impingement 20, 21) . Abnormal spino-pelvis motion can classified into two types: hypermobility and stiffness 26, 27) . Hypermobility is defined as a 30�or greater movement of the pelvis when changing posture from upright standing to sitting. This can be viewed as part of the normal variation and is more common in younger females. Hypermobility may result in a decreased risk of hip impingement by decreasing hip motion required in posture changes. On the other hand, hypermobility caused by lumbar kyphosis is considered as imbalance. This type of kyphosis is related with three conditions. First is a condition where flexion of the hip is limited to less than 50� . PT increases in the sitting position in such a scenario. Second is in the obese patients with body mass index higher than 40 kg/m 2 , where more posterior PT occurs to maintain proper posture while seated. The third condition is neurological and muscular diseases (e.g., Parkinson' s disease) 21) . Spino-pelvic stiffness is defined as a decrease in motion of less than 10�when changing the stance from upright standing to sitting; this immobility is mostly associated with degenerative conditions of the lumbar discs or lumbar fusion surgery 20, 28) . It should be noted that degenerative changes of the spine and hip osteoarthritis commonly coexist. A previous study reported that about 21.2% to 60.4% of patients complaining of low back pain were found to have been subjected to THA 29) . Furthermore, approximately 40% of patients who underwent THA due to hip osteoarthritis had degenerative disease of the lumbar spine 26) . Stiffness can occur in all three patterns. The first pattern is characterized by decreased pelvic motion, but PT is not fixed anteriorly or posteriorly. The second pattern is loss of posterior tilt when sitting so that the pelvis is fixed in anterior tilt (sitting SS is >30� ). In the third pattern, the pelvis is fixed in posterior tilt and does not tilt anteriorly in the upright standing posture (standing SS is <30� ). High-grade stiffness of the pelvis is defined as a SS of less than 10�during postural changes and these fixed patterns increase the risk of impingement and dislocation. When the spino-pelvic motion is less than 5�during postural changes, this is referred to as a pathologic stiffness. The immobile spine and pelvis may create an increased risk of impingement by affecting all motion of the hip during postural changes. Phan et al. 27) emphasized the influence of spino-pelvic imbalance on acetabular anteversion. However, most surgeons are accustomed to analyzing the hip in standard anteroposterior radiographs which assess the acetabulum in the coronal plane. Nevertheless, since several studies revealed increased rates of dislocation following THA in patients with spinal fusion, therefore, securing safe position in the sagittal plane should be taken into consideration. McCarthy et al. 30) suggested that narrower safe zones should be permitted for cup implantation to provide stability for functional activities (e.g., bending, low sitting, and squatting). Phan et al. 27) categorized spino-pelvic motion into 4 patters by reviewing sitting and standing lateral radiographs and suggested solutions to each of them. The first is flexible and balanced, which is considered to be a normal spinopelvic motion. The acetabular cup can be placed within the traditional safe zone because this pattern can be flexibly compensated by postural change. The second pattern is rigid and balanced type falling under spinopelvic stiffness which can occur after severe degenerative changes in the spine or lumbosacral fusion (Fig. 4) . In patients with this pattern, compensatory acetabular anteversion increase will not occur which can lead to anterior impingement and posterior dislocation. It is better to position the cup in a more anteverted position in this scenario. The third pattern is flexible and unbalanced type that falls under hypermobility. This pattern is caused by kyphosis following laminectomy or neuromuscular disease (Fig. 5) . Acetabular anteversion will increase excessively with standing and there is the potential risk of anterior dislocation due to posterior impingement during hip extension. The fourth type is rigid and unbalanced that falls under the third pattern of spinopelvic stiffness; this scenario may occur after severe stiffness of the spine and long-segment lumbosacral fusion. Patients with this pattern may develop kyphotic flat back and increased acetabular anteversion. The risk of anterior dislocation increases due to posterior impingement, despite no anterior PT in the standing position. There are two treatment options for the management of the third and fourth types. One would be changing flexible and unbalanced type to rigid and balanced type via correction of spinal deformity before THA. The other option is to reduce acetabular anteversion appropriate for each patient.
CLINICAL APPLICATION OF SPINE-PELVIS MOTION

CONCLUSION
When performing THA, understanding the spino-pelvic relationship is important to minimize postoperative instability. Radiography of the lateral spine and hip views should be performed in the standing and sitting positions when planning THA. Surgeons should pay closer attention to the cup position in patients with a spinopelvic imbalance. Care to better understand the cup position is required as there is an increased rate of dislocation in patients with lumbar spinal fusion.
